Abstract-In this paper a novel evolutionary algorithm is used for the optimization of the performance of a magnetorheological (MR) device, capable to transmit torque between two shafts and powered by a system of Permanent Magnets (PMs). The stochastic, evolutionary, global optimization algorithm is based on a modified version of the self-organizing map. It uses a dedicated simplified analytical model of the device, developed in order to obtain a fast and accurate evaluation of the torque. Then, by means this model, the cost function to find the optimal parameters of the device is defined. Once the optimal parameters are identified, the performance of the proposed device is simulated by means of a FEM software. The results in terms of magnetic flux density inside the fluid, the transmissible torque and the actuation torque necessary to perform the device activation are discussed. Finally, a preliminary experimental validation of the proposed device is performed.
INTRODUCTION
Magneto-Rheological Fluids (MRFs) belong to the class of "smart fluid" and are a suspension of micrometer-sized ferromagnetic particles in a carrier fluid (synthetic oil or water). When subjected to an externally applied magnetic field the particles form columns and align themselves in the direction of the applied field. These columns act to resist shearing or the flow of the fluid, allowing a rapid transition from a liquid to a near-solid state. The apparent yield stress of the fluid is dependent on and increases with the intensity of the applied magnetic field [1, 2] . By removing the magnetic field, these fluids can return to their liquid state in less than 15-20 ms, with the phenomenon perfectly reversible [3] . MRFs exhibit such a behavior in three operational modes, namely shear, flow, and squeeze modes. In shear and squeeze modes, the fluid resists the motion of the plates perpendicular to or along the applied field, respectively; in flow mode, the flow of the fluid itself is resisted due to the particle columns formed. By using MRFs, an actuation system can be constructed such that the amount of torque/force it transmits can be controlled by varying the intensity of the applied field.
Many typical MRF-based devices have been developed in the past decades. The main applications are in dampers (used to absorb mechanical shocks and vibrations) or in finishing processes [4, 5] . Furthermore, several applications of MRF-based actuators in haptic and tactile feedback devices have been recently reported in the literature [6] [7] [8] [9] [10] [11] [12] .
As for magnetorheological brakes or clutches, many solutions based on the shear mode have been developed in the past years [13] [14] [15] [16] [17] [18] [19] [20] . In these devices, the use of MR fluids allows to obtain smooth and steady transmissible/braking torque, with many potential applications especially when simple structure, smooth, reliable and variable compliance are desirable characteristics (i.e., in automotive industry, robotics, and gym/fitness equipments). The majority of the currently available MR devices use conventional wired electromagnets to activate the fluid. Although they are characterized by a very simple control and actuation, some drawbacks have to be addressed. Firstly, the torque vs volume ratio is lower than the PMs based devices, since the permanent magnets are more effective in energizing the fluid. Then, in order to obtain a suitable level of magnetic field inside the fluid, a very thin MRF gap (< 0.5 mm) should be designed, increasing some manufacturing problems and affecting the performance of the fluid itself. Furthermore, the current in the electromagnets produces power losses which increase the temperature of the MRF, so reducing the transmissible/braking torque. Finally, in case of electric failure the fail-safe operation is not assured.
Fewer MR clutches/brakes are based on a combined permanent magnets/wired electromagnets system [21, 22, 24] . This hybrid solution uses a system of permanent magnets to produce the main magnetic field and conventional electromagnets, capable to develop a field in the opposite direction to one of the PMs, in order to control/modulate the magnetic field inside the MRF. Although these solutions allow obtaining higher torque with respect to the pure electromagnets-based device, the torques vs volume ratio and the complexity of the system are increased.
Finally, very few examples of fluid excitation based on a pure PMs system can be found in literature [15, [17] [18] [19] [20] [21] [22] [23] [25] [26] [27] [28] . This solution has some advantages with respect to the conventional wired excitation system. Beside the reduction of power consumption, it allows obtaining better performance in terms of torque vs volume device ratio. Furthermore, due to high performance of the last generation of permanent magnets, a thick fluid gap of about 1.5 mm can be used. Then the PMs system does not produce power dissipation and temperature increase of the MRF and device. Finally, the use of permanent magnets could assure an intrinsic fail-safe operation in case of failure of the actuation control system. As for the main drawback, it should be noted that the use of rare-earth NdFeB permanent magnets surely increases the production costs with respect to the electromagnets-based devices.
In the present paper, a novel Magneto-Rheological device excited by permanent magnets is described and optimized. Although it could be used both as a clutch and as a brake, in the following sections the latter application is considered. The performance optimization of the device is obtained by means of a stochastic, evolutionary, global optimization algorithm, based on a modified version of the self-organizing map. For this purpose, a dedicated simplified analytical model, based on an equivalent magnetic network, has been developed in order to obtain a fast and accurate evaluation of the electromagnetic quantities. Then, the results in terms of magnetic flux density inside the fluid, transmissible torque and actuation torque necessary to perform the device activation have been discussed, also by comparison with the ones obtained by FEM software. Finally, a preliminary experimental validation of the proposed device has been performed.
THE MR FLUID
In this study, the magnetorheological fluid MRF 140CG, produced by Lord Corporation R , Cary NC, USA [29] , has been employed. The main magnetic and mechanical characteristics are synthesized by the B − H curve and τ − H curve (Yield/Shear stress τ vs magnetic field H), shown in Figure 1 .
As known, the operation of an MRF can be described by considering a sample of fluid located in a gap between two plates or two concentric cylinders. When subjected to an externally applied magnetic field, the micrometer-sized ferromagnetic particles in the fluid form columns and align themselves in the direction of the applied field. These columns act to resist shearing or the flow of the fluid, preventing the movement of the fluid particles themselves (transition from a liquid to a near-solid state). On the contrary, once the magnetic field has been removed, the ferromagnetic particles are randomly distributed in the volume, and the fluid is in a liquid state. This behavior can be described by the following equations, which represent the simplified model for these fluids:
where τ 0 (B ⊥ ) is the yield/shear stress as a function of the magnetic induction orthogonal to the gap surfaces; η = 0.28 P a · s is the viscosity of the fluid at rest (B = 0);λ = r · dω r dr is the fluid shear rate, with ω r rotational speed in the fluid at radius r. From these equations it can be said that if an external action produces a shear stress τ ≥ τ 0 (B ⊥ ), the fluid shear rateλ = 0 and the fluid begins its transition towards a liquid state; on the contrary, if τ < τ 0 (B ⊥ ), the fluid shear rateλ = 0 and the MRF has a semi-solid behavior.
In order to simplify the model, combining the B−H curve and τ −H curve, the following relationship between yield/shear stress τ and magnetic induction B ⊥ can be used [14, 30] :
THE DEVICE
The basic configuration of the proposed MR device is shown in Figure 2 . It is composed of two shafts (namely shaft 1 and shaft 2), magneto-rheological fluid, and fluid excitation system, which consists of four pie-shaped rare-earth NdFeB magnets (B r = 1. Let's assume that initially the excitation system (i.e., the PMs) is in the OFF state (see Figure 2 (b)); since the magnetic flux lines close themselves in the two solid ferromagnetic sectors of the shaft 1 (which act as a shunt for the flux just below the MRF), the magnetic field does not pass through the fluid. In this condition, the shaft 2 rotates at a given speed while the shaft 1 is at rest. Once the decision to brake the shaft 2 has been taken, the excitation system must be rotated inside the housing chamber along its circumferential direction (indifferently in clockwise or counter clockwise), with respect to the shaft 1. During the rotation of the PMs, the presence of non-ferromagnetic plates in the two opposite sections of the shaft 1 progressively forces the magnetic field to cross the fluid and to close its flux lines, following the path of least reluctance through the shaft 2. The highest values of the field inside the MRF and, consequently, of the braking torque are obtained when the excitation system has been rotated by an angle of 90 • , working in the ON state (see Figure 2 (c)).
However, considering that the radial thickness of the permanent magnets and of the shaft 1 as well as the circumferential dimensions of the non-ferromagnetic plates greatly affect the value of the magnetic induction in the fluid both in the OFF and ON state, a multiobjective optimization procedure (see Section 5) has been used to identify these parameters. Then, in order to obtain a fast and accurate evaluation of the magnetic and mechanical quantities to be optimized [33] [34] [35] [36] , a simplified model of the device based on equivalent magnetic network has been developed.
THE ANALYTICAL MODEL
The analysis of the electromagnetic behavior of the proposed device requires a complex 3D FEM model. However, by setting some simplifying assumptions and taking into account the approximation errors, the magnetic field can be obtained by using a magnetic circuit of lumped reluctances. It is assumed that all magnetic materials are linear and that the magnetic field do not vary along the z-direction (2D model). Furthermore, this 2D analysis neglects the contribution to the braking torque of the MRF that fills the gaps at the two bases of the cylindrical structure. In order to build the magnetic circuit, the cross-sectional area of the device has been subdivided in a number of n r and n θ points respectively along the radial and circumferential directions. Four neighboring nodes constitute the vertex of an elementary area (or cell). Then, the four vertexes of each cell have been connected along the edges by four reluctances. Figure 3 shows the equivalent magnetic network, with reluctances and magneto-motive force generators, overlapping the device geometry when the PMs are in the ON state (for the sake of readability, all the radial dimensions have been enlarged).
The reluctances γ,γ | γ=1,2,··· ,nr , which connect two nodes having the same radius, are able to take into account the magnetic flux along the circumferential direction ("tangential flux"); on the contrary, reluctances γ−1,γ | γ=1,2,··· ,nr between two nodes, characterized by the same angle, are able to consider the magnetic flux along the radial direction ("radial flux").
As for the MRF and the external part of the shaft 2, both the reluctances γ,γ and γ−1,γ do not vary along the circumferential direction. On the contrary, the reluctances γ,γ in the inner part of the shaft 1 depend on the circumferential direction. In particular, since from +45 • < θ < +135 • and +225 • < θ < +315 • some non-ferromagnetic plates are inserted, the relative reluctances are different from that in the ranges from +315 • < θ < +45 • and +135 • < θ < +225 • . Furthermore, the reluctances 0,0 take into account the 1 mm-thick airgap between the excitation system and the shaft 1, which needs to allow the rotation of the magnets in order to activate/dis-activate the brake. Finally, considering the relative magnetic permeability of the PMs (μ r P M 1), we can assume that the reluctances of the free space adjacent the magnets is equal to the reluctances of the PMs: a m . Taking into account the dimensions of the devices and the magnetic characteristics of the materials, the following values for the reluctances can be calculated:
,
where the superscript/subscript x is used to identify the different materials (inner/outer iron, MRF, etc.), while the subscript γ refers to the nodes of the discretization. The other main parameters are listed in Table 1 . 
length of the PM along the radial direction;
length of the cell along the radial direction for each material;
Δθ (x) = r inx + (2γ − 1)
length of the cell along the circumferential direction for each material (excluding nonferromagnetic plates);
length of non-ferromagnetic plates of angle θ b along the circumferential direction;
PM average cross-sectional area along the radial direction; S r (x) = Δθ (x) · z cell average cross-sectional area along the radial direction; S θ (x) = Δr (x) · z cell average cross-sectional area along the circumferential direction;
As for the magnetic source, since the PMs are magnetized along the radial direction, the magnetomotive force (mmf) can be obtained as f m = ±|H c | · Δr P M , where |H c | = 10.2 · 10 5 A/m is the coercivity of the magnet, and the "± sign accounts for the reversed polarity of the PMs.
Once the values of the elements of the equivalent magnetic network have been calculated, the Nodal Analysis Method for the electrical network is used to solve the problem [37] , [38] . As an example of the set of equations obtained by the model, in the right side of Figure 3 
where P ij terms are constant coefficients. Once the (n r − 1) · n θ mmf F
are known at all the nodes, the magnetic flux density in each branch of the network (that is in each material of the device) can be calculated. In particular, since the braking torque depends on the radial component of the magnetic induction inside the MR fluid, for each circumferential coordinate, this quantity can be calculated as:
where j−1,j is the reluctance crossing the circumference trough the center of the MRF; F
is the difference of the mmf across the reluctance;S MRF = r in MRF +rout MRF 2 · 2π n θ −1 · z is the average cross-sectional area along the radial direction of a 2π n θ −1 portion of the fluid. However, in the case of an even number of reluctances along the radial direction inside the MRF, B ⊥ can be obtained as the average value between the magnetic induction calculated using the reluctances which have the common node on the circumference trough the center of the fluid.
As for the braking torque, each cell of MR fluid produces the following contribution:
then, taking into account the number of cells along the circumferential direction, the total torque developed by the proposed brake is:
where the shear rate in the center of the fluid isλ = r · dω r dr
, and ΔΩ is the relative angular speed between the two shafts.
Preliminary Model Validation by FEM
In order to perform a preliminary validation of the analytical model, some FEM simulations have been carried out by means of the code EFFE [39] . The results of the analytical model have been obtained by using 8 and 33 points respectively along the radial and circumferential directions. Furthermore, 9 nonferromagnetic plates with the same circumferential dimension θ b = 0.05 rad ( 3 • ) have been considered for each of the two (opposite) sections of the shaft 1. Figure 4 shows the comparison between the analytical and numerical radial component of the magnetic induction B r on the circumference passing through the center of the MR fluid in the ON and OFF state. The agreement between the two models is satisfactory and confirms the goodness of the developed analytical model. Furthermore, the results show that when the excitation system is in the ON state, the values of B r are high enough to produce the braking torque. On the contrary, when the PMs are in the OFF condition, the maximum values of the magnetic induction in the fluid are very low ( 60 mT), resulting in a small torque. 
THE OPTIMIZATION ALGORITHM
Given the outer diameter of the device (φ out = 92 mm) and its axial length ( z = 31 mm), the thickness of the gap filled by the MRF (Δr MRF = 1.5 mm), and the airgap between the PMs and the housing chamber (g = 1 mm). The main parameters which affect the performance of the proposed brake are: 1) the radial thickness of the permanent magnets: Δr P M ; 2) the radial thickness of shaft 1: Δr 1 ; 3) the circumferential dimension of the non-ferromagnetic plates. However, once the inner radius of the PMs (R in P M = 10 mm) and the radial thickness of shaft 2 (Δr 2 = 7.5 mm) are chosen in order to not overcome the saturation level of the iron, parameters 1) and 2) are correlated in such a way that 2 · (R in P M + Δr P M + g + Δr 1 + Δr MRF + Δr 2 ) = φ out . Furthermore, by analyzing the paths of the magnetic flux in the system both in the ON and OFF states, three different kinds of non-ferromagnetic plates can be identified (see Figure 2) : a) the (four) "lateral plates", positioned in correspondence of the borders of the PMs (at the angles 45 • , 135 • , 225 • , and 315 • ); b) the (two) "central plates", positioned at the angles 90 • , and 270 • ; and c) the (twelve) "internal plates", equally distributed in the space between the lateral and central plates. Also the number of these latter non-ferromagnetic plates is chosen taking into account the saturation level of the iron between two consecutive plates.
On the basis of these considerations and by using the analytical model developed and validated in the previous section, the problem consists in optimizing a number of objective functions, F i (x) , i = 1 . . . N f , where {F i : Ω ⊆ n → }, x ∈ Ω, and Ω is the domain of the search. Beside the geometrical constraints, the procedure assures also that the device works below the saturation level of the ferromagnetic material.
In particular, the two objective functions are:
: the braking torque T ON (eq. 4) in the ON state (to be maximized, so we minimize −F 1 (x)); (ii) F 2 (x): the braking torque T OF F (eq. 4) in the OFF state (to be minimized).
As for the parameters vector x, it consists in four geometrical variables: Finally, the problem constraints are:
-bounds on the geometrical parameters, given as maximum and minimum allowed values: a) 10 mm ≤ Δr P M ≤ 20 mm;
-maximum absolute value of the magnetic induction in the iron is set to 2 Tesla.
Since the objective functions have a large number of local minima and a optimum Pareto front is searched, an evolutionary optimization algorithm [40] is used in this work. It is based on the selforganizing maps (SOM), which are popular neural networks for unsupervised learning, clustering and data visualization. The SOM neural networks in general have a strong exploratory power, and the final centroids tend to be disposed in a predefined topological order. In the proposed strategy, each cell of the SOM contains a centroid (or an individual) that searches for the Pareto optimal solutions. The global task is to track the Pareto optimal front, which is approximated by the set of non-dominated solutions found by all centroids in all generations. The movement of centroids is obtained using a discretetime dynamical filter, and the choice of this filter is flexible. The resulting method is an heuristic optimization algorithm that uses some evolutionary computation mechanisms such as selection and mutation (perturbation). The algorithm tries to take advantage of the exploratory power of the SOMs: the collaboration between neighboring centroids enhances exploitation, whereas centroids that are far from each other will explore different areas of the search space, improving exploration and preserving diversification. Also, a complete constraints handling procedure is used. The optimization algorithm was proven to be tightly competitive with other state of the art evolutionary optimization algorithms such as genetic algorithms and particle swarm optimization algorithms. In particular, the SOM-based algorithm allows performing tens of thousands of function evaluations in few minutes, obtaining a very fast and satisfactory optimal design with respect to several variables in multi-objective optimization.
These features can be effectively used also when complex problems should be analyzed. In this case, a simplified analytical model can be developed and preliminarily optimized by using the proposed algorithms. Then this basic optimal solution can be further improved by using a FEM-based optimization tool, so saving a significant amount of simulation time. On the contrary, if one uses a FEM optimization procedure from scratch, the computation times would be extremely long.
In this work, the number of individuals of the population is set to 100, using a 10 × 10 grid of the SOM. The algorithm reached the final results performing 45000 evaluations in about 20 minutes on a 12-core, 32Gb RAM, 3.6 GHz PC. Figure 5 shows the Pareto front obtained at the end of the optimization procedure, while in Table 2 the values of the optimized parameters and relative braking torques (in the ON and OFF state) are reported. 
RESULTS AND PRELIMINARY EXPERIMENTAL TESTS
Although several criteria can be used to choose a solution between those shown in Table 2 (e.g., the configuration which maximize the ratio
, or the one that minimize the PMs volume), in the following the combination of parameters which maximize the braking torque in the ON state has been considered. In particular, taking into account the accuracy of the numerical results and some criteria related to an easy manufacturing and assembly, the values of the parameters reported in the 2nd row of Table 2 Then, the braking torque developed by the proposed device has been calculated. Figure 6 shows its value as a function of the position of the excitation system along the circumferential direction. When the PMs are in the ON state (angular displacement= 0 • ), the braking torque is about 5.6 Nm, while in the OFF state (angular displacement= 90 • ) the torque is about 0.23 Nm. This latter value is mainly due to the fluid natural viscosity. Anyhow, the ratio between the maximum and minimum torques, which is between the torques in the ON and OFF states, for the proposed brake is about 24, an excellent value in this kind of device.
In the same figure, some very preliminary experimental data are shown. They have been obtained by using a very simple test bench (see Figure 7) . The braking torque has been measured respectively when the excitation system was in the OFF state, in the intermediate position (45 • ) and in the ON state. However, taking into account that the simulation results neglect the contribution to the braking torque of the MRF which fills the gaps at the two bases of the cylindrical structure, the simulated and measured values of the torque match quite well.
In order to compare the performance of the proposed device with respect to other similar MRFbased clutches/brakes described in literature, some data are reported in Table 3 . In particular, in the proposed device, the excitation system needs to be powered just to be moved from the OFF to the ON state (and vice versa). Once the PMs have reached the (OFF or ON) position, the power is no longer necessary to keep the system in that position. The value of the maximum mechanical power required to rotate the PMs by an angle of 90 • has been estimated by assuming that this movement can be performed in about 250 ms. This value considers only the magnetic torque (see Figure 8 ) and neglects the parasitic torque due for example to the bearings friction. 
THE BRAKE ACTUATION
In order to activate the brake, the excitation system (that is the PMs) must be rotated along its circumferential direction (indifferently in clockwise or counter clockwise) by an angle of 90 • with respect to the housing chamber. During the rotation, the PMs feel a magnetic torque that hinders their motion from the OFF to the ON state and vice-versa. This "activation" torque is due to the natural magnetic interaction between magnets and ferromagnetic materials which constitute the four sectors of the shaft 1. By using the FE model, the activation magnetic torque profile as a function of the PMs angular displacement has been obtained. As shown in Figure 8 , the maximum value occurs when the permanent magnets system passes through the midway between the ON and OFF state.
As for the brake control strategy, a preloaded torsional spring can be used to overcome the magnetic torque and to rotate the PMs from OFF to ON state [41] . Then, an auxiliary mechanism (not shown in figure) can be exploited to move the permanent magnets from the ON to the OFF state.
Anyhow, the power required to activate/deactivate the proposed brake is a very low fraction of the braking power. 
CONCLUSIONS

